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Abstract 

Hexagonal YMnOs is well known for the co-occurrence of ferroelectricity and antiferromagnetism 
at low temperatures. Using temperature-dependent spectroscopic ellipsometry at an a-plane ori¬ 
ented single crystal, we show how the dielectric function is affected by the magnetic order transi¬ 
tion at the Neel temperature. We focus especially on the pronounced charge transfer transitions 
around (1.6 - 1.7) eV which are strongly connected to Mn 3d electrons. If described with a Bose- 
Einstein model, the temperature dependency of their energy and broadening is characterized by 
effective phonon energies not larger than 8meV. We argue that this is a hint for the occurrence 
of a soft phonon mode related to the antiferromagnetic phase transition. This is observed in both 
tensor components of the dielectric function, parallel and perpendicular to the crystallographic 
c-axis. Furthermore, a suitable parametrization for the uniaxial dielectric function is presented 
for the NIR-VUV spectral range. The broad transitions at energies higher than a critical point¬ 
like bandgap do not show a clear temperature dependence. We also observe some weak discrete 
absorption features around the strong charge transfer transitions with energies matching well to 
low-temperature photoluminescence signals. 


Rare earth manganites RMnOs are inter¬ 
esting due to the occurrence of multiferroic 
properties. The co-existence of ferroelectric¬ 
ity and magnetic ordering in hexagonal (h) 
YMnOa has been known since the 1960s [1]. 
h-YMnOs is ferroelectric up to a ferroelectric 


Gurie temperature in the order of 920K [2]. 
In addition it reveals antiferromagnetic or¬ 
dering below the Neel temperature Tm- Val¬ 
ues for Tat between 60 and 90K have been 
reported, most of them slightly above 70K 
[3-6]. YMnOs occurs in orthorombic and 
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hexagonal phases which both are ferroelec¬ 
tric but due to different origins [7, 8]. In 
ferroelectric h-YMnOs (space group PG^cm), 
the electric dipole along the c-axis originates 
from a buckling of the MnOs bipyramid lay¬ 
ers and a related displacement of the ions 
[9]. The antiferromagnetism at low temper¬ 
atures is caused by frustration of the S = 2 
spins of the Mn^+ ions which are arranged in a 
triangular lattice within the MnOs layers {ab- 
plane) [3, 10]. However, an additional ferro¬ 
magnetic component along the c-axis can ex¬ 
ist [11]. Magneto-electric coupling is a conse¬ 
quence of the conhgurational interplay of the 
manganese ions and oxygen ions. 

Besides studies of the antiferromagnetic 
phase transition by temperature-dependent 
magnetic susceptibility or specihc heat [3, 
4, 8] there has been a number of investiga¬ 
tions utilizing (low-frequency) dielectric con¬ 
stant determination [3, 4, 6], neutron scat¬ 
tering [10, 12] and even optical second har¬ 
monic generation [5, 13], all showing a dis¬ 
tinct anomaly at the antiferromagnetic phase 
transition. This indicates a strong coupling 
between the magnetic order and the elec¬ 
tronic system. For similar hexagonal iJMnOs 
systems there exist also IR and THz investi¬ 
gations showing that certain phonon modes 
are affected by the antiferromagnetic phase 
transition and in the antiferromagnetic phase 
spin lattice waves (magnon excitations) occ- 


cur [14, 15]. All those effects indicate strong 
charge-spin interactions, i.e. connection be¬ 
tween magnetic and electronic systems. 

Recently, we have determined the highly 
anisotropic, uniaxial dielectric function (DF) 
of h-YMnOs at room temperature in a wide 
spectral range from 0.5 to 9.15 eV [16]. Out¬ 
standing are the distinct peak-shaped transi¬ 
tions at (1.6-1.7) eV, which are connected to 
an inter-site charge transfer transition from 
hybridized O 2p electron orbitals to Mn 3d 
states [17]. Thus these electronic resonances 
are closely connected to the orbitals involved 
in the magnetic ordering. 

So far, there is only little literature about 
the temperature- and magnetic held depen¬ 
dency of electronic resonances in the UV- 
VIS spectral range. For YMnOa there is one 
photoluminescence (PL) study on a thin him 
showing that the emission around 1.7 eV in¬ 
creases drastically when entering the antifer¬ 
romagnetic phase [18]. For other hexagonal 
manganites temperature- and magnetic held 
behavior of such charge transfer transitions 
have been studied by transmission measure¬ 
ments proving indeed a strong connection to 
the magnetic order [19]. However, nearly 
all present investigations lack of considering 
the anisotropy since usually only polarization 
perpendicular to the crystallographic c-axis is 
probed. 
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FIG. 1: Experimental and model-generated Muller matrix elements for T=10K: a) Using 
parametric oscillator model-DF, b) Using a wavelength-by-wavelength numeric model-DF. 
The incidence angle was 70° and the sample was orientated with an angle of 30° between 
the crystallographic x-axis and the plane of incidence. 




FIG. 2: Imaginary part of the parametric model-DF for YMnOs at T =10K for a) sc and 
b) pc polarizations showing the individual contributions obtained by applying the 
parametric oscillator model-DF in blue lines (see £g. 1). Gircles represent the 
wavelength-by-wavelength numeric model-DF. 


EXPERIMENTAL DETAILS from previous investigations [16]. It was 

grown by the optical floating zone technique. 

The single crystal sample is a-plane m ^ j j . ^ • n- 

temperature-dependent spectroscopic elhp- 

oriented with a slight miscut as known 
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sometry measurements were carried out from 
lOK to room temperature at an incidence an¬ 
gle of 70° using a cryostat with CaF 2 win¬ 
dows. To account for polarization influences 
from the cryostat windows we applied a cali¬ 
bration procedure considering the window ef¬ 
fects in terms of system Jones matrices (cf. 
[20]). For each wavelength 12 of the 16 Muller 
matrix elements could be measured indepen¬ 
dently. Two different sample orientations 
with respect to the orientation of the crys¬ 
tallographic c-axis were measured to properly 
distinguish the polarizations parallel (pc) and 
perpendicular (sc) to the c-axis in the eval¬ 
uation (cf. [16]). During the measurements 
the pressure in the cryostat was kept below 
5 X 10“®mbar. Yet below IlOK growing of a 
very thin ice layer was observed. To include 
this in the evaluation and reliably determine 
the DF of YMnOa the assumed sample model 
consists of uniaxial bulk material covered by 
an anisotropic surface layer. The latter was 
implemented as effective medium approxima¬ 
tion according to Bruggeman [21] with mix¬ 
ing of the optical constants of YMnOa, ice 
and vacuum in varying amounts. Hence it ac¬ 
counts for roughness and possible nucleation 
of ice. Furthermore, only partial coverage 
was assumed to model also slight depolariza¬ 
tion. The thickness of this surface layer is in 
the order of 6nm which is consistent with the 
sample topology investigated by atomic force 


microscopy as discussed in [16]. 

The obtained YMnOs-DF is very sensitive 
to the specific surface treatment. In order to 
get a more robust evaluation and gain statis¬ 
tics, two different approaches were applied: 
A) A parametric model-DF based on oscil¬ 
lator functions was directly used to simulate 
the experimental data. B) A numeric model- 
DF was extracted wavelength by wavelength 
to simulate the experimental data. The nu¬ 
meric DF values were then approximated by 
the parametric model-DF. The different ap¬ 
proaches can be seen in figures 1 and 2. For 
further comparison of the model’s robustness 
the spectral range was restricted to (1-3) eV 
and (l-8)eV, respectively, during modeling. 

RESULTS AND DISCUSSION 

Dielectric function parametrization 

Starting from the well-known numeric 
DF for both polarizations [16], a simplihed 
general oscillator model was developed as 
parametrized model-DF: For each polariza¬ 
tion it consists of a MO-like critical point 
transition (’direct bandgap’), five Lorentzian, 
respectively Gaussian, functions above this 
gap and the distinct Lorentzian transitions 
around (1.6 - 1.7) eV with one (pc) or two 
(sc) weak Voigt-shaped resonances close to it 
(cf. £g. 2 and tab. I). As the pronounced 
charge transfer occurs from hybridized O 
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TABLE I: Dielectric function contributions with mean parameter values averaged over all 


temperatures. 


polarization oscillator 

E 

FWHM 

amplitude 

type 

eV 

eV 


pc Gaussian 

1.4 

0.6 

0.2 

Lorentzian 

see below 

see below 

0.6 

MO-CP [22] 

2.0 

0.01 

5(eV)i 

Voigt 

3.65 

1.0 

2.4 

Gaussian 

4.35 

0.7 

1.8 

Gaussian 

4.9 

0.9 

3.0 

Gaussian 

5.55 

1.1 

2.7 

Voigt 

7.4 

2.5 

2.3 

ecx,=1.64 




sc Gaussian 

1.75 

0.2 

0.4 

Lorentzian 

see below 

see below 

3.0 

Gaussian 

1.57 

0.1 

0.2 

MO-GP [22] 

2.6 

0.02 

2(eV)i 

Voigt 

4.3 

1.4 

1.9 

Gaussian 

4.9 

0.8 

1.1 

Gaussian 

5.4 

0.9 

0.4 

Gaussian 

5.7 

1.7 

1.7 

Voigt 

7.5 

2.5 

2.5 

etx,=1.55 





2pxiy orbitals to Mn 8^22 orbitals, those weak 
transitions arise most likely due to similar 
transitions but outgoing from differently hy¬ 
bridized states of O 2pxjy with Mn ^d^y/yz 
orbital contributions. Such weaker transi¬ 


tions are observed in other hexagonal man- 
ganites as well (cf. [17]). In sc polarization 
such a weak resonance is also found at an 
energy slightly higher than that of the main 
resonance while in pc polarization a weak os- 
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cillator is only found at lower energies with 
a much larger broadening compared to the 
sc polarization. The occurrence of critical 
point-like direct band gaps around 2eV was 
theoretically predicted and is assumed to take 
place at the K or M point in the reciprocal 
space [23]. Higher energy transitions cannot 
unambiguously be assigned. Generally there 
are strong resonances around 5eV, i.e. the 
maxima in the 62 spectra, which are most 
likely connected to even other O 2p to Mn 
3(i orbital transitions [17]. The occurrence 
of critical point-like direct band gaps around 
2eV was theoretically predicted and is as¬ 
sumed to take place at the K or M point in 
the reciprocal space [23] . Higher energy tran¬ 
sitions cannot unambiguously be assigned. 
Generally there are strong resonances around 
5eV, i.e. the maxima in the 62 spectra, which 
are most likely connected to even other O 2 p 
to Mn 3(i orbital transitions [17]. 

The parametrization enables robust mod¬ 
eling at all temperatures in the spectral range 
from 1 to 8 eV. As an example experimental 
and model-generated data for lOK is shown 
in fig. la). Figure 2 depicts the obtained 
contributions to the parametric model-DF. 
Mean values for the found function param¬ 
eters for all temperatures are listed in tab. 
I. The observed dielectric functions for var¬ 
ious temperatures are exemplarily shown in 
£g. 3. No general temperature trend of the 


individual resonances could be found. 

Temperature dependence of the pro¬ 
nounced charge transfer transitions 

The most pronounced features of the DF 
are the molecule-like peaks related to inter¬ 
band charge transfer transitions from the hy¬ 
bridized O 2p to Mn 3d states. Figure 4 illus¬ 
trates the evolution of the dielectric function 
with temperature in this spectral range. In 
order to study the temperature dependence 
of those main transitions in more detail, we 
extract peak energies E, broadening 7 and 
amplitudes as shown in £g. 5 a)-c). The tem¬ 
perature dependence can be modeled using 
the semi-empirical Bose-Einstein model [24]: 
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Here, Eq, 70 are the values at T =0K, 6 
is an effective phonon temperature and a the 
effective phonon coupling constant. As can 
be seen in fig. 5 the extracted values scatter 
a lot but the different evaluation approaches 
described above give consistent results. For 
correlation reasons we use for 7 (T) the same 
effective phonon temperature 9 as for E(T). 
The obtained parameters are summarized in 
tab. H. Remarkable are the very low effective 
phonon temperatures of 9sc ~ 70K and 9pc 
90K. This is even more striking if compared 
to the Debye temperature To of YMnOs 
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FIG. 3: Real (top) and imaginary (bottom) part of the parametric model-DF shown for 

selected temperatnres. 


which is assnmed to be rather high. Valnes 
between 350 and 500K have been reported 
[3, 25, 26]. Conseqnently, this snggests also 
larger effective phonon temperatnres in the 
Bose-Einstein model. For comparison, in 
ZnO valnes of 6 > 200K and To > 400K were 
fonnd[27]. An explanation for the snppressed 
effective phonon energy is vanishing of (at 
least some) phonon mode energies at the anti¬ 
ferromagnetic phase transition, i.e. soft mode 
behavior. In fact, snch soft phonon modes 
connected to the antiferromagnetic transition 
are well known in perovskite-type manganites 
[28-30] . Regarding hexagonal manganese ox¬ 


ides, a phonon mode connected to vibration 
of manganese and oxygen ions mainly within 
the a6-plane was proposed as soft mode by 
comparing temperatnre-dependent strnctnral 
data [8, 12]. Distinct phonon modes have 
directly revealed soft mode behavior at the 
Neel temperatnre by IR spectroscopy for h- 
YbMnOs [14]. 

The weak transitions accompanying the 
strong resonances generally show the same 
temperatnre dependence within the sensitiv¬ 
ity of onr experiment. For comparison we 
also applied the Bose-Einstein model to the 
critical point transition in pc polarization. 
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FIG. 4: Real (top) and imaginary (bottom) part of the parametric model-DF in the 

spectral range (1-3) eV. 


See £g. 5 d) and tab. II. The effective 

phonon temperatnre 6f.p !«130K is mnch larger 
than for the strong transitions, snggesting 
a weaker conpling of this transition to the 
magnetic ordering. This snpports the soft 
mode proposal as the transitions from the hy¬ 
bridized oxygen to Mn-3(i states can be ex¬ 
pected to reveal one of the closest connec¬ 
tion to the magnetic correlation compared to 
any other transition. For sc polarization the 
fonnd critical point energy scatters too mnch 
to analyze it farther. Changes of the oscilla¬ 
tor amplitndes with temperatnre do not re¬ 
veal a clear tendency either (cf. £g. 5c)). 

Regarding anisotropy we observe the soft 


mode conpling in both directions, sc and pc, 
bnt it is signihcantly larger (i.e. stronger snp- 
pression of the effective phonon temperatnres 
in the Bose-Einstein model) for the polar¬ 
ization perpendicnlar to the c-axis. This is 
consistent with the interpretation of strnc- 
tnral and thermal condnctivity data claim¬ 
ing a displacement of the Mn ion in the ah- 
plane as origin of phonon softening [8] . How¬ 
ever, while this thermal condnctivity of h- 
YMnOa was also affected in both directions, 
the antiferromagnetic phase transition was 
only observed perpendicnlar bnt not paral¬ 
lel to the c-axis in the (low freqnency) dielec¬ 
tric constant [4]. Understanding the polariza- 
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FIG. 5: Temperature dependence and Bose-Einstein model approximation of the 
parameters of the Lorentz oscillators describing the interband charge transfer transitions: 
a) energies, b) broadening, c) amplitude, d): Temperature dependence of the critical point 
energy in pc polarization. The critical point energy in sc polarization is roughly constant 
at 2.6 eV for all temperatures. Different symbols represent different evaluation series (cf. 
section ’Experimental details’): O: application of parametric model-DF to data (1 - 8) eV, 
O: parametric model-DF to data (1 - 3) eV, □: numeric model-DF to data (1 - 3) eV and 
subsequent approximation by parametric model-DF. 


tion dependence is not trivial as it requires 
knowledge of each individual phonon mode 
and its coupling to the respective electronic 
transition. E.g. for YbMnOs the soft mode 


behavior was only observed for Ai phonon 
modes (pc), which influence inter-plane Mn- 
Mn coupling, while no soft mode character 
was found for E 2 modes (sc), which however 
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revealed direct magnetic coupling [14], In 
conclusion, we find impact of the antiferro¬ 
magnetic phase transition on the electronic 
transitions in both polarizations, sc and pc. 
Its coupling via soft phonon modes varies be¬ 
tween the different electronic resonances. 

As an alternative to the Bose-Einstein 
model approximation we investigated the 
first derivative ^ of the transition energies 
with respect to the temperature for the main 
charge transfer transitions. It is shown in fig. 
6 . Indeed, the slope as a function of tem¬ 
perature reveals a maximum near the Neel 
temperature, similar to what was found for 
other h-i^MnOa materials in sc polarization 
[19]. We also observe this anomaly in both 
polarizations, parallel and perpendicular to 
the crystallographic c-axis. Such effect is 
not captured by the Bose-Einstein model and 
again strongly indicates a magneto-electric 
coupling mediated through a strong charge- 
spin interaction. 

Photoluminescence 

Low temperature photoluminescence (PL) 
measurements yield broad emission peaks 
around 1.4 eV (fig. 7), similar to earlier 
reported PL spectra from h-YMnOa single 
crystals [31]. As origin of the emission, the 
strong charge transfer transition involving ex¬ 
citation of a phonon and two magnons was 
proposed. This also explains the large broad¬ 
ening of the signal due to the wide two- 



FIG. 6: Modulus of the derivative of the 
transition energies of the strong charge 
transfer transitions. The gray area marks 
the range of literature values for the Neel 
temperature. The data was taken from the 
’O’ series (see caption of figure 5). 

magnon continuum. However, in comparison 
with the uniaxial DF it is not clear if the ori¬ 
gin is the main transition or a (in the DF) 
weaker one. Especially the energetic order 
of the emission peaks with respect to their 
polarization is not the same as in the DF. 
While in the DF the pc polarization reveals 
the higher energy, in the PL spectrum the sc 
polarization does. It should further be men¬ 
tioned that the sc polarized PL spectrum of 
a thin h-YMnOa film looks completely dif¬ 
ferent: Sharp features at 1.7eV and broad 
emission around 1.55 eV were observed [18]. 
Furthermore the emission increased abruptly 
below Ttv, a behavior we could not observe. 
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TABLE II; Bose-Einstein model parameters. 


Eq a 9 E 0 7o 

polarization eV meV/K K meV meV meV/K 

sc 1.692(3) 0.399(16) 67.5(26.4) 5.85(2.29) 217.5(2.1) 0.153(17) 

pc 1.773(2) 0.341(17) 93.2(29.3) 8.08(2.54) 177.1(3.9) 0.100(17) 

EqP e^P EgP 

polarization eV meV/K K meV 

pc 2.044(4) 0.175(43) 126(133) 11.0(11.5) 



1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60 

Photon Energy (eV) 


FIG. 7: Photoluminescence intensity at lOK 
with 633nm excitation (HeNe laser). 

Most likely interface effects between the sub¬ 
strate and the him play an important role in 
the ferroelectric-antiferromagnetic thin Elms. 

CONCLUSION 

An oscillator function-based dielectric 
function for h-YMnOs was developed and 
temperature-dependent generalized spectro¬ 


scopic ellipsometry was used to deduce the 
anisotropic dielectric function of YMnOs in 
the spectral range (1-8) eV for temperatures 
from lOK to room temperature. The tem¬ 
perature dependence of energy and broaden¬ 
ing of the very pronounced Mn ion-related 
charge transfer transition peaks can be de¬ 
scribed by a Bose-Einstein model only if very 
low effective phonon energies ( 8 meV and 
smaller) are assumed. This gives a hint to 
soft mode behavior connected to the antifer¬ 
romagnetic phase transition at the Neel tem¬ 
perature. The phase transition can also be 
observed in the derivative of the resonance 
energies with respect to the temperature. 
Hence, coupling between magnetic order and 
the electronic structure can be revealed by 
optical spectroscopy in the visible spectral 
range. For energetically higher electronic res¬ 
onances no general temperature trend could 
be found. Furthermore, the spectral weight 
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does not considerably change with tempera¬ 
ture neither energetically nor between the po¬ 
larizations. Finally we compare the low tem¬ 
perature dielectric function to photolumines¬ 
cence spectra and hnd that the origins of the 
emission are not necessarily the main charge 
transfer transitions. 
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